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Abstract
The oxidation and reduction of copper in air-saturated seawater and NaCl solutions has been measured as a function of pH (7.17-8.49 ), temperature (5-35ºC) and ionic strength (0.1-0.7 M). The oxidation rate was fitted to an equation for sodium chloride and seawater valid at different pH and media conditions: 
Introduction
The study of redox reactions for Cu(I) and Cu(II) in the marine environment is important because copper redox chemistry determines the copper speciation in natural waters and the interactions with biological process. In addition, copper is an essential redox-active transition metal, which acts as a structural element in regulatory proteins and participates in photosynthetic electron transport, mitochondrial respiration, oxidative stress responses and cell wall metabolism (Yruela 2005) . At elevated concentrations, copper becomes toxic to plants and alters membrane permeability, chromatin structure, protein synthesis, enzyme activities, photosynthesis and respiratory processes (Marschner 1995; Yruela 2005) . Copper toxicity may result from an intracellular reaction between copper and reduced glutathione, although copper also inhibits the enzyme catalase and reduces the cell defence mechanism against hydrogen peroxide and oxygen free radical (Sunda 1989 ).
The oxidation of Cu(I), at micromolar levels, in seawater and in NaCl solutions had been studied by different authors (Moffett and Zika 1983; Sharma and Millero 1988a,b,c) . The rate constant k (kg mol -1 min -1 ) for the oxidation of Cu(I) was defined by the Eq. 1:
In the conditions of excess oxygen, the system followed a pseudo-first order kinetic (k') being k determined from k=k'/ [O 2 ]. These authors found the Cu(I) oxidation rate constant depends of the speciation in the solution. The Cu(I) oxidation of Cu(I) is mainly controlled by the Cl -concentration. At lower Cl -concentration, the Cu(I) oxidation is much faster and the back reaction of Cu(II) becomes more important. The most reactive species for the oxidation of Cu(I) are Cu + and CuCl (Moffett and Zika 1983; Sharma and Millero 1988a,b,c) .
In seawater, Cu(I) can be formed from Cu(II) due to the photoxidation of dissolved organic matter (Sharma and Millero 1988b) , according to the sequence (Equations 2-5).
Redox cycling between Cu 2+ and Cu + catalyzes production of hydroxyl radicals from superoxide and hydrogen peroxide (Elstner et al. 1988 ) by the Haber-Weiss reaction and thus enhances the production of reactive oxygen species. These reactions for oxidation and reduction of copper are expressed in the Equations 6-11 (Barb et al. 1951; Gray 1969; Haber and Weiss 1934) : [ ]
In fact, copper exists primarily as complexes with organic ligands in seawater (Moffett and Zika 1987; Sunda and Hanson 1987; van den Berg 1984) , leaving only around 1% of the total copper as free copper, which is considered to be available or toxic (Allen and Hansen 1996) . Trace metals chemistry is affected by phytoplankton in natural and oceanic waters by surface reactions and metal uptake or production of extracellular organic matter with metal complexity properties (González-Dávila 1995) . The release of extracellular organic appears to be a major source of labile substrate into the dissolved organic matter pool in the open ocean (Duursma 1961; Wangersky 1978; Zhou and Wangersky 1989) .
In this work, the oxidation of copper (I) is studied at nanomolar levels, three order of magnitude lower than works done before (Moffett and Zika 1983; Sharma and Millero 1988a,b,c) . In addition, we have not added any complexing agent into the reaction vessel in order to enable the Cu(I) formation from Cu(II) reduction. Reduction of Cu(II) has been studied because it could be responsible for the decrease in the oxidation velocity due to Cu(I) formation for seawater samples. We have studied the oxidation of copper(I) in seawater and sodium chloride solutions as a function of the initial copper concentration, pH, temperature, sodium bicarbonate and ionic strength. We have also calculated the speciation of Cu(I) and the contribution of each species to the kinetic rate. These results allow us to improve our knowledgement about the biogeochemical cycle of copper in natural waters. The experiments in sodium chloride were done in 0.7 M NaCl and 2 mM NaHCO 3 . All the chemicals used for the copper determination were trace analytical grade.
Experimental
The seawater used in this study was collected in the Northwest of Gran Canaria (The Canary Islands) at the European Station for Time Series in the Ocean (ESTOC). The salinity determined by using a salinometer (Portasal, 8410A) was 36.691. For the salinity studies, dilutions were done with Milli-Q ion exchange water (18 MQ). All the water samples were filtered by 0.1 µm.
pH Measurements
Tris-(hydroximethyl)aminomethane(Tris)-artificial seawater buffers (Millero 1986 ) were used to calibrate the electrode in the free hydrogen ion (Millero 1986 ).
Oxidation and Reduction Experiments
The oxidation and reduction kinetics of copper in seawater were studied in a 250 ml glass thermostated reaction cell following the disappearance and the formation of Cu(I), respectively. The temperature was controlled to ±0.02ºC with a refrigerated bath RB-5A in the range of 5-35ºC. Oxygen saturated solutions were prepared by bubbling pure air for half an hour. The pH was adjusted to the desired value with the addition of small amounts of 1 M HCl and 1 M NaOH. The addition of the Cu(I) stock solution to the samples corresponds to the zero time of reaction. Change in pH along the study was kept below 0.01 units.
Copper Analysis
The Cu(I) concentrations were determined spectrophotometrically using a modified version of the bathocupreine method (Moffett et al. 1985) in order to analyse copper at nanomolar concentrations. At selected times during the experiment, 10 mL of the samples was added to a 25 mL vessel which contained [ ] 
Results and Discussion
The oxidation of Cu(I) at nanomolar concentration in air saturated solutions followed a pseudo first order kinetic. In Table 1 , the half-live times (t 1/2 ) for the oxidation kinetics of Cu(I) in 0.7 M NaCl -2 mM NaHCO 3 and seawater solutions at nanomolar and micromolar concentrations are shown. As pH decrease, an increase in t 1/2 is obtained being similar in both media. The t 1/2 comparison between the studies done at nanomolar and micromolar Cu(I) concentration shown differences as can be observed in Table 1 . These differences have also been found for the iron kinetic studies (Santana-Casiano et al. 2005) .
Values for the Cu(I) oxidation from Sharma and Millero (1988a) are also included in reduction. In this study, no complexing agents were introduced in the reaction cell. The ethylendiamine was added together with the bathocupreine in the external vessels before the analysis of Cu(I) to avoid any interference with the Cu(II) when Cu(I) was measured.
To elucidate the effect of initial copper(I) concentration on the oxidation of Cu(I) in natural waters and the further effect of the Cu(II) back reaction, the experiments were made in 0.7 M NaCl and 2 mM NaHCO 3 solutions with a Cu(I) concentration in the range 50 to 385 nM ( Benson and Krause (1984) and Millero et al. (2002) .
The effect of bicarbonate concentration was studied in 0.7 M NaCl and NaHCO 3 solutions in the range 0 to 9 mM ( 
The Cu(I) oxidation rate increased when NaHCO 3 was added until 5 mM, being constant from 5 mM to 9 mM and can be explained by the formation of complexes between the carbonate and Cu(I) (Equations 16 and 17). These complexes can even be more reactive than Cu(I) chloride complexes. The stabilization at bicarbonate concentration higher than 5 mM is explained by considering the reaction of Cu(II) with carbonate and its reduction to Cu(I). In order to elucidate the effect of the back reaction from Cu(II), the reduction of copper(II) has been studied and will be discussed below.
The pH effect was studied in the pH range 7.17 to 8.49 in NaCl and seawater solutions ( Fig. 1-2 produced in the process, playing a major role in the oxidation process at nanomolar concentrations and also due to the back-reaction from Cu(II) is more important at nanomolar scale, decreasing the rate constants.
The effect of ionic strength in the oxidation rate is presented in Fig. 3 . Log k decreased with the increase of ionic strength from 0.1 to 0.7 M, due to the formation of copper(I) chloride complexes. This dependence is in agreement with previous studies (Moffet and Zika 1983; Sharma and Millero 1988a,b,c; Millero 1985) . When ionic strength was lower than 0.4 M, the values in NaCl were higher than in seawater (Δlog k = 0.2), being similar at higher ionic strengths. The chloride copper complexes formation at high chloride concentrations accounts for the decrease in the rate of oxidation. The study of the ionic strength effect was done diluting the samples with Milli-Q water. However other experiments were done keeping constant the bicarbonate concentration (2 mM). The rates constant were higher when the bicarbonate concentration is kept constant (Fig. 3) . At ionic strength 0.7 M, the rate constants in NaCl and seawater are similar. In both media, the main inorganic complexes of Cu(I) are the chloride ions and can be found as . When the ionic strength is lower, the effect of major ions in seawater can modify the rate constant, like Mg 2+ and Ca 2+ which can decrease the rate constant in seawater solutions. In addition, the back-reaction of Cu(II) is more important at lower Cl -concentration (Sharma and Millero, 1988a) .
These processes can account the differences between NaCl and seawater solutions, at lower ionic strengths. The observed oxidation rates were fitted to 
The effect of temperature in the oxidation kinetic of Cu(I) in NaCl and seawater was studied from 5 to 35ºC and the results are shown in Fig. 4 . In both media, the rate of oxidation increases with temperature. 
with a standard error of estimation of 0.03 in seawater and NaCl. k is the rate constant (kg mol -1 min -1 ), T is temperature (Kelvin) and I is the ionic strength.
These equations are valid in the range studied for all these parameters.
Some experiments were done in NaCl and seawater solutions to study the formation of Cu(I) from Cu(II) (Fig. 5) . The initial copper(II) concentration was 200 and 400 nM and the Cu(II) reduction was followed for times over 90 mins. and ethylendiamine were initially added to the reaction vessel, the formation of Cu(I) was not observed, preventing the ethylendiamine the back reaction.
The chemical reduction of Cu(II) to form Cu(I), trough reactions 27, 9 and 11, is shown to be important mechanism contributing to the presence of Cu(I) in surface seawater which also decreases the rate constant at nanomolar levels.
The experimental results were used to calculate the contribution of each specie to the overall rate constant for the Cu(I) oxidation in NaCl solutions. The overall oxidation rate is given by (Eq. 28):
The formation of Cu(I) due to Cu ( 
36
The stepwise association constants β i are given by (Equations 37-39): The equilibrium constants to calculate the speciation were the ones used by Sharma and Millero (1988c) . The Pitzer parameters (Pitzer and Mayorga 1973) for the Cu(I) speciation in NaCl are given by (Equations 40-45): In order to gain an insight into the role played by the different copper chloride species in the oxidation kinetic of Cu(I), the Cu(I) speciation in NaCl has been determined ( 
Conclusion
The results of this work show that the Cu(I) oxidation rate constant, as a function of pH, is slower at nanomolar levels than at micromolar concentration, Fig. 1 Effect of pH on the rate constant (kg mol -1 min -1 ) for the oxidation of Cu(I) in NaCl 0.7 M and seawater (S=36.691), where temperature was 25ºC for nanomolar concentration. Fig. 2 Effect of pH on the rate constant (kg mol -1 min -1 ) for the oxidation of Cu(I) in NaCl 0.7 M where temperature was 25ºC at micromolar (open circle) and nanomolar (closed circle). Fig. 3 Effect of ionic strength on the rate constant (kg mol -1 min -1 ) for the oxidation of Cu(I) in NaCl (closed circle) and seawater (triangle), where the pH was fixed to 8.00 and temperature at 25ºC. Open circle shows the study in NaCl with constant bicarbonate concentration (2 mM). Fig. 4 Effect of temperature on the rate constant (kg mol -1 min -1 ) for the oxidation of Cu(I) in NaCl 0.7 M and seawater (S=36.691), where the pH was fitted to 8.00. (II) in NaCl 0.7 M but using 9 mM NaHCO 3 . Temperature was 25ºC and pH 8.00. Fig. 6 Speciation of Cu(I) in NaCl solutions as a function of Cl -using the α i from Sharma and Millero (1988a) . Fig. 7 Contribution to the overall rate constant for each species in the range of ionic strength studied. Tables   Table 1 t 1/2 for the oxidation of Cu(I) in this study in NaCl and seawater for different pH and temperatures, compared with micromolar results from Sharma and Millero (1988a) and this study. Table 2 Effect of initial copper(I) concentration on the apparent rate constant (min -1 ) for the oxidation of copper (I) in NaCl 0.7 M and 2 mM NaHCO 3 , pH 8.00 and temperature 25ºC. Table 3 Effect of NaHCO 3 concentration on the rate constant (kg mol -1 min -1 ), in NaCl 0.7 M. pH 8.00 and temperature 25ºC. Fig. 1 Effect of pH on the rate constant (kg mol -1 min -1 ) for the oxidation of Cu(I) in NaCl 0.7 M and seawater (S=36.691), where temperature was 25ºC for nanomolar concentration. Sharma and Millero (1988a) and this study.
List of the Figures

List of the
Media
pH Temperature (ºC) 
